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regardless of what the second hostile does. In the approach the

different possible engagement configurations were divided into ten

“classes and within each class criteria was/set up to determine

which hostile to engage. A monitor subroutine was developed to
determine the appropriate engagement class and hostile to engage.

Twenty-four criteria webe deve]opez for scoring the trial
maneuvers so as to choose the most optimal one, the one with the
highest score. (Rules for computing the value of each criterion
relative to the situation were developed.) Each class-hostile
pair had a set of weights for the criteria with the score being
the sum of the products of the weights and the corresponding

criteria value. S )

The hostile flight paths were fixed scenarios. Each hostile
flew a figure 8 with constant speed and altitude and 3g turns.
One hostile's path was TIMEH2 (input value) seconds ahead of
the other and offset so as'not to overlap.

f

In developing the one-versus-two offline program, many
engagements with various 1n1t1a]cond1t1ons, with two different
types of friendly aircraft (F-4 and F-14) and for various dura-
tions were simulated. Ground trace plots for four of the
‘engagements are scheduled in the report.

In general, the maneuvers by the friendly appear to be
reasonable ones,.although it is difficult to analyze the
engagements since the hostiles are noninteractive. For example,
the aggressive pilot in engagement two had a decided advantage
over the conservative pilot of engagement one at time 30 seconds.
On the other hand, at 23 seconds he was vulnerable to.an offen-
sive move by hostile 1 in an interactive environment. The last
two examples illustrate the result of different aircraft
capabilities. The higher performance F-14 had a definite
positional advantage over the F-4 at the end of the engagement.

Unclassified

SECURITY CLASSIFICATION OF Tu'® PAGE(When Deta Entered)

—de_a o= .




L)

Y

Ll 8 el it

INTRODUCTION

To succeed in aerial combat the pilot must fully understand the developing
situation. He must be conversant with the dynamics of his own aircraft and have
appreciation for the capabilities of the enemy aircraft.

But, more important than this, he must clearly understand the mission he is
to perform, that is, the relative worth (and risk) associated with each of the
different degrees of achievement. He must also properly interpret enemy
maneuvers in terms of their intent, (similarly expressed in the worth and risk of
their achievement).

Although aerial combat remains largely an art, steps have been taken
toward making it a science. The pilot is provided extensive instructions as to the
dynamics of his aircraft and those of prospective threats. He is given a detailed
mission and informed about prospective enemy assignments. He is given "combat
experience” in ground-based simulators and more realistic airborne
"engagements" against friendly pilots who pose as adversaries. But, such
simulation is limited in terms of the diversity of situations the pilot can
encounter, of the adversaries he may face, and even of the simulated enemy
doctrine his "friends" may adopt.

In recent years; computer simulation of aerial combat has attempted to
provide additional "experience." Early programs derived minimum time or
energy flight paths given the enemy's trajectory. But such programs omit the
most important aspect of combat . .. the enemy is intelligently interactive.
Later, heuristic programs such as TAC-AVENGER provided effective simulation

of either pilot so long as the aircraft were those of combat experience. But each

new aircraft opens the door to new tactics. It is dangerous to fly a F--14 or F-16
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against a MIG-15 as if it were an F-4 . . . and even more dangerous to fly these

new planes in the old manner against a future threat aircraft. TAC-BRAWLER

is now used to simulate m on n aerial combat. However, this program fails to
reference the specific intent of each pilot. It is deficient in that the nature of
the combat must reflect the particularities of the mission. Given the same situa-
tion, the pilot will maneuver differently depending on his mission.

The Adaptive Maneuvering Logic was the first computer program to meet
this challenge. Here the purpose of each pilot is made explicit {expressed in
quantitative form). The developing situation is interpreted in the light of these
purposes so that alternative moves can be evaluated relative to one another.
Each second the program adopts the best of these while searching for a suitable
move for the next second. Since it is impossible to explore all possible moves at
each point in time, it is most productive to evaluate the few most reasonable
alternatives and adopt the best of these.

This is exactly what the qualified fighter pilot attempts to do . . . but the
computer can evaluate more alternative maneuvers per second and with greater
accuracy and precision. As a result, the Adaptive Maneuvering Logic can be
used to develop new tactics for present or prospective aircraft, to evaluate
prospective aircraft weapon systems and the pilots who will fly these, and for
training our present pilots (by comparison of actual inflight maneuvering with
those recommended by the AML program including a printout of those situations
wherein the program recommended maneuvers significantly better than those
taken by the pilot). A notable contribution toward this end has already been
demonstrated.

It is generally recognized that two-on-one situations are significantly more
difficult for the single fighter than the one-on-one encounter. Here, the first

enemy aircraft tries to force the friendly into evasive maneuvers that make him




B
'(

highly vulnerable to the second enemy aircraft. In essence, the enemy conspire

to attack concurrently or to force the friendly to accept unfavorable initial
conditions for dealing with the second enemy pilot . . . and this works well unless
the friendly is capable of taking both enemy aircraft into account in his maneuvers.
The purpose of the present contract is to explore this context and to develop a
computer program which offers an effective non-heuristic intelligently interactive

simulation of one versus two aerial combat.




DISCUSSION

The Adaptive Maneuvering Logic begins with concern for the purpose of
the decision makers in the game. The friendly pilot clearly recognizes six alter-
native outcomes in the two on one situation. He may kill both enemy aircraft

h | and return home safely; kill either of the enemy aircraft and return safely; kill

T

‘ neither enemy aircraft and return safely; kill both enemy aircraft and not return
safely; kill either of the enemy aircraft and not return safely; or kill neither and
not return safely. These six alternative outcomes are weighted in desirability.
Typically these might be 10, 9, 8, 2, 1, and 0, respectively. Obviously, the pilot
"N ! on a kamikaze assignment would hold a different weighting of these outcomes.

.‘ But the maneuvers chosen by the pilot must reflect not only his own purpose
but also that of the enemy. A presumption is made as to the nature of their view
of what must be accomplished. In certain real situations their intent might be to
deter further sorties in a particular area without triggering a conflict. If that be

?, ] the case, then they do not wish to achieve a kill but merely force the friendly to
return home safely. Under surge combat conditions wherein the enemy has many
more aircraft than we do, the value of killing both enemy aircraft is much greater
than simply killing either of them. In other words, the maneuvers chosen in the
combat must reflect the priorities assigned to each alternative outcome, a complete
expression of the purpose to be achieved by each of the decision makers involved.
| Indeed, without consideration of such purpose, any simulation is doubly dangerous

. « » either equal weights of relative importance are tacitly assumed or it fails to
reflect the essential nature and driving force of actual combat.

At this point, it is approriate to consider the geometric aspects of the :

situation, then focus on additional dimensions within the dynamics of the game,

such as those concerned with energy/maneuverability.




Several approaches to the simulation of one-vs-two air combat were
considered and abandoned for various reasons. The rationale behind the approach
selected was strongly influenced by the following thoughts: (1) The best defense
is a good offense. (2) If the friendly is on the offensive against a bandit and
does not fly against that bandit as aggressively as possible, then that bandit will
be the victor regardless of what the second bandit may or may not do. (3) It is
highly desirable to live to fight another day. (This cannot, of course, be carried
to the extreme or aerial combat cannot occur.)

The approach selected was to divide different possible situations into ten
engagement classes and then determine which of the hostiles to engage. Also
the weights selected for the purpose or criteria used to determine the optimal
move for the next second can vary from class to class. A monitor subroutine was

developed to determine the appropriate engagement class and the hostile to

engage.




MONITOR SUBROUTINE

The purpose of the Monitor Subroutine is to determine the engagement
class and the hostile to engage. The evaluation sequence is as follows:
If both hostile are forward of the friendly, then the engagement class will

be from Classes 1 through 6, see Figure 1; otherwise the selection will be from
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Classes 7 through 10.

CLASS 1

The range to each hostile is greater than the maximum weapon range of
the friendly. The maximum weapon range of the friendly against each hostile is
determined from the deviation angle from each hostile. The equations are shown
in Figure 2.

HOSTILE SELECTED

The hostile at which the friendly can fire first. The predicted time-

to-fire (tf) at each hostile is determined from:

tg = 59 + B__'_R_W + .5 , sec

Am R
where,

Ao = LOS angle from the friendly, see Figure 3.

An = maximum angular turn rate possible for the
friendly.

R = range of the hostile from the friendly.

Ry = maximum range of friendly's weapon, as

determined from Figure 2.




R = range rate for friendly pointed at the
hostile. This is computed from:

XH - XF
R

R = XH - XF XH - VE +

: YH - XF
YH - YF YH - VF — R

. Zn - Z
Zy - 2Zp Iy - Vg /

where,
Xgy Yo Z = XYZ position of the friendly measured along
F* "F “°F S B h
the initial or ground coordinate axes, ft.
XH’ Yo ZH = as above for the hostile, ft.
XH’ YH’ ZH = velocity components of the hostile, along the
initial or ground coordinate axes, ft/sec.
R = range between the hostile and friendly, ft.
VE =  magnitude of friendly velocity vector, ft/sec.
CLASS 2

Both hostiles are within the weapon range limits of the friendly. The
weapon range limits are determined from Figure 2.

HOSTILE SELECTED

The one for which the LOS angle from the friendly is the smaller.

CLASS 3

The range to each hostile is less than the minimum weapon range of the

friendly for that hostile,




HOSTILE SELECTED

- The one for which the deviation angle from the hostile is the larger.

a CLASS 4

One hostile is within the weapon range limits of the friendly, and the other

is at a range greater than the maximum weapon range of the friendly.

HOSTILE SELECTED

g - The one for which the friendly's time-to-fire is the smaller. The

time-to-fire (tf) at the hostile within the weapon range limits is
: determined from:
by t; = _'59 + .5 , seconds
' .
Am
A where the terms are defined in Class 1. The time-to-fire at the

hostile whose range is greater than the maximum weapon range is

determined from the same equation given in Class 1.

CLASS 5

One hostile is within the weapon range limits of the friendly, and the other
is at a range less than the minimum weapon range.

HOSTILE SELECTED

The one that is within the weapon range limits of the friendly.

CLASS 6

One hostile is at a range less than the minimum weapon range limit of the

friendly and the other hostile is at a range greater than the maximum weapon

range.

HOSTILE SELECTED

The one that has the minimum range.
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CLASS 7 (See Figure 4)

One hostile:

1. has a LOS angle from the friendly that is greater than 120° and

Son

2A. the deviation angle from this hostile to the friendly is greater
than 90°, or

2B. the range is greater than the maximum weapon range of the hostile
(same as Figure 2 with roles reversed).

The other hostile has a LOS angle from the friendly that is less than 120°

~ HOSTILE SELECTED

. The one that has a LOS angle from the friendly that is less than 120°

CLASS 8 (See Figure 5)

One hostile:

1.  has a LOS angle from the friendly that is greater than 120° and
2. the deviation angle from this hostile to the friendly is less
than 90° and
5’ 3. the range is Jess than the maximum weapon range of the
hostile.
The other hostile has a LOS angle from the friendly that is less than 120°

HOSTILE SELECTED

The one that has a LOS angle from the friendly that is greater than

120°

CLASS 9 (See Figure 6)

Both hostiles are behind the friendly, and they are not in Classes 7 or 8.

HOSTILE SELECTED

Neither. Select a centroid point between the two.

. p 2t
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CLASS 10 (See Figure 7)

One hostile is forward and the other is behind the friendly, and they are not
in Classes 7 or 8.

HOSTILE SELECTED

The one forward.




CRITERIA

Twenty four different criteria items were used in determining the trial
maneuver to be used. Actually, criteria 12 through 22 are essentially the same
as 1 through 11 except relative to the second hostile. The criteria and evalua-
tion for each follow:

Criterion 1 - Angle between friendly body x-axis and LOS vector to hostile
1. Value varies nonlinearly from | at zero angle to 0 at ]I angle; Formula for

value v is given by:

v = (1 -(LOSFH/M)2)/ (1 + 2 (LOSFH/1)2)

where LOSFH is LOS angle from friendly to hostile.

Criterion 2 - Angle between hostile body x-axis and LOS vector to
friendly. Value varies nonlinearly from 0 at zero angle to 1 at [ angle except for
head-on case. For non head-on case (both LOS angles greater than 3() value v is

given by

v = 1 - (1 - (LOSHF/)2) /(1 + 2 (LOSHFA1)?)

where LOSHF is LOS angle from hostile to friendly. For head-on case, value v is

given by

1/(1 + (LOSHF x 12.0)f1)2

<
1]



CRITERION 3 - Difference in altitude. Value varies nonlinearly from | at

coaltitude to 0.5 at difference of 3,000 ft., to 0.2 at 6,000 ft. difference and

then asymptotically to 0. Value v is given by:

v

1/ + (AZ/3,000)2)

where AZ is difference in altitude in feet.

Criterion 4 - Hostile range relative to center of weapon envelope of the
friendly. Value varies nonlinearly from one at center to zero on boundary or

outside envelope. If range is outside envelope, value v is zero, otherwise:

v = 1 - (RWF)2
where,

RWF = JRMID - RFH| /(RMID - RMIN)

RMID =  (RMAX + RMIN)/2

RMAX = Maximum range of friendly weapon along LOS from
hostile.

RMIN = Minimum range of friendly weapon along LOS from
hostile.

RFH = Range between friendly and hostile.

Criterion 3 - Friendly range relative to hostile weapon envelope. Value
varies nonlinearly from zero at center of hostile weapon envelope to one at
boundaries or outside. Value v is one if friendly in outside hostile weapon

envelope, otherwise:

v = (RWH)2




where,

RWH = [RMIDH - RFH| /(RMIDH - RMINH)

RMIDH = (RMAXH + RMINH) /2

RMAXH = Maximum range of hostile weapon along LOS from
friendly.

RMIHN = Minimum range of hostile weapon along LOS from
friendly.

RFH = Range between friendly and hostile,

Criterion 6 - Range rate, R, between hostile and friendly. Auxiliary

function F is defined by:

-1 if R > 2,000
F = 1 - (2,000+R)/ 2,000 if -2,000 < R < 2,000 ft/sec
1 if R < -2,000

Then the value v is given by:

v = (1 + Fcos(LOSFH)) /2

If R > 0 (an opening range rate), then F varies from zero to -1 as R varies
from zero ft/sec to 2,000 ft/sec. If friendly is directly behind the hostile, v
varies from 1/2 to 0 as range rates increases from 0 ft/sec to 2,000 ft/sec. If
hostile is directly behind the friendly, v ranges from 1/2 to 1 as R increases from
0 ft/sec to 2,000 ft/sec. That is, when R is 0 value is 1/2 in the extreme cases of
one being directly behind the other, but decreases when friendly is behind hostile
as R increases since friendly cannot close on hostile. On the other hand, it
increases when hostile is behind friendly as R increases since hostile cannot
close on friendly.

If R < 0 (a closing range rate) the F varies from zero to 1 as R decreases

from 0 ft/sec to 2,000 ft/sec. This reverses the variation in v for the two




different extreme cases. This agrees with the fact that when friendly is behind
the hostile, a closing rate rate is favorable to the friendly but is unfavorable in

the other case.

Criterion 7 - Velocity. Except for the head-on case, for a positive value
the friendly should have a speed advantage. The rule chosen was a value of 1 at
a 10% spced advantage, decreasing to zero as speed advantage goes to zero and
also decreasing slowly to zero as speed advantage increases beyond 10%.

For the head-on case (both LOS angles less than 30°) the desirable speed is
that which allows the friendly to execute the quickest and tightest turn. This
speed is called the corner velocity and is denoted as V.

For the head-on case, an auxiliary variable Av is defined by:

Av = (VE - .9VQ) [/ .1Ve
where, VF is velocity of friendly. Otherwise AV is defined by:
AV = (VFp - V) / .1VH

where VY is velocity of hostile. The value v is defined by

0 if AV <0
v = QVI/Z if0 < AV < |
2L - AV) if AV > 1

Criterion 8 - Specific energy. The specific energy of an aircraft is defined
as its potential energy plus its kinetic energy, divided by its weight: This is

expressed as:

Es = PE + KE = hW + (1/2mV2Z = h +v2/2g, ft.
w w
where,
PE = Potential energy, ft-lbs
KE = Kinetic energy, ft-lbs
v = Weight of aircraft, Ibs, (= mg)
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Altitude of aircraft, ft
v = Velocity of aircraft, ft/sec
The difference between the specific energies of the friendly and a given hostile

is then expressed as:

Es = (Esp - Esp) = (hp + VE2/2) - (hy + Vy2/2g)
MEg = th - (Vg2 - V42 [ 2¢
where,
MHh = difference in altitude between friendly and hostile, ft.
VE, VH = velocity of friendly and hostile respectively, ft/sec.

If the friendly has a 20% speed advantage and is at the same altitude as the

hostile:
Es = ((L2VR2 - Vid) /25 - 0.007 Vyy2

If the hostile is at 500 knots (844 ft/sec),

Mg = 4,986 ft.
In other words, if the friendly has a 20% speed advantage over the hostile and is
4,986 feet below the hostile, the difference in specific energy is zero. If the
friendly is 4,986 feet above the hostile, with a 20% speed advantage, the specific

energy is twice that at coaltitude.

The value v is obtained as follows:

Let ER .007 Vi2

EXP = (EsF - EsH - ER) / ER
then the value v is given by
v = 2EXP {fEXP >0and 2EXPifEXP <0

Criterion 9 - Difference in time between when the friendly can fire and

w~hen the hostile can fire. It is desirable for the friendly to be able to fire before




the hostile. If the friendly can fire five seconds or more before the hostile can,

the value function is one. This value decreases slowly as the time difference
decreases to three seconds and then approaches zero more rapidly as the time
difference goes to zero. It remains at zero as long as the hostile can fire first.

Value v is computed as follows:

If range rate is opening (positive or zero) and hostile is outside the weapon
envelope of the friendly, v = 0. If range rate is opening and friendly is outside
the weapon envelope of the hostile, v = 1; otherwise, the time to fire is computed
for both. If opponent is within plane's weapon range, time to fire equals LOS/u
where u is the maximum turn rate. If outside weapon range, time to fire is LOS/u
plus distance outside weapon envelope/ |range rate |. Let TH be time for hostile

to fire and TF time for friendly and let DT = TH - TF then

0 if DT < 0
v = (DT/5)1/2 if0 < DT < 5
| ifDT > 5

Criterion 10 - Can friendly see hostile. The friendly can see the hostile if
the hostile is above a plane through the body y-axis of the friendly and 30 degrees
down from friendly's body x-axis. If hostile can be seen, value is | otherwise
zero.

If Z' is the z-axis coordinate of the hostile in the coordinate system of 30°
plane through the body y-axis, then if Z' < 0 (z-axis is positive downward)
hostile is visible to friendly and value is 1. 1f Z' > 0, value is 0 as hostile is not
visible.

Criterion 11 - Can hostile not see friendly. This is same problem as

criterion 10 except with respect to hostile body axis and 30°plane through body
g

y-axis. Further if friendly can be seen, value is zero, otherwise it is one.

POTa
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Criterion 12 through 22 are the same as Criterion 1 through 11 except with
respect to the second hostile.

Criterion 23 - First one that can fire. The times to fire for each aircraft
are available from Criterion 9 and 20. The minimum of the two times for the
friendly to fire is obtained as well as the hestile with the minimum times. The

value is obtained as in Criteria 9 or 20 using the minimum times.

Criterion 2& -~ &'~ irizadly see both hostiles. The value functions from

Criteria 11 and 2:: a... »= " if both are 1, the value for 24 is also 1 otherwise it

is zero.
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MANEUVERS AND INPUTS

Trial Maneuvers and Weights

At each decision point, normally every second, the program sets up trial
maneuvers for the friendly*, scores them and choses the one with the highest
score as the maneuver to perform at that time. Maneuver | through NTRYT! (a
counter) are referenced to hostile 1 in choice of maneuvering planes while those
from NTRY T2 through NTRYT (counter of all maneuvers) are referenced to
hostile 2 in choice of maneuvering planes.

In computing a score for each trial maneuver, a weighted sum of the values
of the 24 criteria for that maneuver is computed. The weights are in a weight
table of three parameters, criterion number, class number and hostile number.
That is, each class-hostile pair has its own set of weights for the criteria. In one
operation mode, the class-hostile pait is determined by the Monitor Subroutine.
(The mode is determined by an input variable, KOPT. KOPT =1 for this mode
and 2 for the other). In the second mode, the class is still determined by the
Monitor Subroutine but hostile 1 is chosen for trial maneuvers 1 through NTRYTI

and hostile 2 for the remaining trial maneuvers.

Hostile Flight Paths

After considering several alternates for debugging purposes it was decided
to have the hostiles fly in figure eight flight paths. Since using various initial
start positions for the single aircraft against the developed figure eight flight
path data could be utilized to check out the "reasonableness" of maneuvers

executed by the DSI developed program. Further, the figure eight flight path

*For a complete description of the trial maneuver see Reference I.
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permitted an offset one behind the other formation so that the first opposing

aircraft was supported by the second. Also, both left and right turns could be
made through use of the same data, that is, by using differing initial start
positions for the single fighter and the two hostiles both left and right turns as
well as straight flight either before or after the turn were available. (Figure 8)
Both aircraft fly at a constant speed and altitude (input data). Hostile 1 starts
at point A and flies a 3g clockwise turn of 232.48° to point B. The second leg is a
straight line path of the same length as the circular leg AL. At point C it flies a
3g counterclockwise turn of 232.42° to point D and then a straight line path to
starting point A. Hostile 2 starts its flight TIMEH2 (an input parcmeter) seconds
ahead of point A on the path. Actually all points of hostile 2 path are offset
1,000 ft in the positive x-axis direction so that the paths of the two hostiles do
not overlap in the graphic printout.

Attempts to get some real flight data from ACMI to run the AML
simulation against were not successful, so all runs were made with the hostiles

flying segments of the figure eight paths.

Input Data Requirements

The input data required to run the off-line program can be classified into
three groups. The first group describes the atmospheric model used in the
simulation. A second group of data defines the friendly aircraft engaged in the
simulation. These first two sets of data remain unchanged from one engagement
to the next during a computer job. For each engagement simulated, a set of
cards of the third group is needed. These data define the geometrical initial
conditions, the weight factors for the calculation of cell values and such run
control parameters as duration of engagement, and requests for printing and
plotting. Several engagements may be simulated in one job, each engagement

requires an additional set of input variables of this third group.

i
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Input data cards are grouped into eight individual groups. The data cards
for each group must be preceded with a card which contains a code word. This
% code word consists of four characters punched in columns 1 through &. |

- ' Atmospheric Model Definition -~ Code Word: ATMO

(a) The speed of sound cg (FORTRAN name CSO) in ft/sec is tabulated as
a function of altitude at 500 feet intervals from sea level to 60,000 feet.
121 values 13 cards FORMAT (10F8.7)
(b)  Air Density p (FORTRAN name RHO) in lbs sec2/ft is tabulated as a
function of altitude at 500 feet intervals from sea level to 60,000 feet.
121 values 13 cards FORMAT (10F8.7)

Aircraft Identification and Wing Area - Code Word: FRND.

The aircraft identification card is followed by one card containing the wing
reference area (FORTRAN name SURF) in feet?2. j
1 value 1 card FORMAT (10F8.7)

Load Factor Information - Code Word: LDFT

(a8) The maximum permissible load factor (FORTRAN name F4VG) in g's

is tabulated as a function of altitude and Mach number. One card each for the
following altitudes (sea level, 15,000, 30,000, 45,000 and 55,000 feet) contains
maximum load factors for the following 12 Mach numbers (0.2, 0.5, 0.8, 0.9, 1.0,
1.1, 1.2, 1.5, 1.8, 2.0, 2.2 and 2.4).
60 values 5 cards FORMAT (15F5.2) 3

(b)  The sustained load factor (FORTRAN name F4SG) in g's is tabulated

as a function of altitude and Mach number for the same altitudes and Mach numbers

as the maximum load factor.

60 values 5 cards FORMAT (15F5.2)
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Engine Performance Data - Code Word: ENGN

All thrust data is given for one engine, the program multiplies thrust by
two, assuming two engine aircraft.

(@) Idle thrust (FORTRAN name TIDLE) in lbs. is tabulated as a function
of altitude and Mach number. There are two cards for each of the following
altitudes (sea level, 10,000, 20,000, 30,000, 40,000, 50,000 and 60,000 feet) con-
taining thrust values for the 14 Mach numbers (0.2, 0.4, 0.6, 0.8, 0.9, 1.0, 1.1,
1.2, 1.4, 1.6, 1.8, 2.0, 2.2 and 2.4).

98 values 14 cards FORMAT (7F10.0)

(b)  Military thrust (FORTRAN name TMIL) in Ibs. is tabulated as a func-

tion of altitude and Mach number. The same seven altitudes and 14 Mach numbers
as for the idle thrust table are used.
98 values 14 cards FORMAT (7F10.0)

(c) Afterburner thrust (FORTRAN name TAB) in Ibs. is tabulated as a

function of altitude and Mach number. The same seven altitudes and 14 Mach
numbers as for the idle thrust table are used.
98 values 14 cards FORMAT (7F10.0)

Aerodynamic Data - Code Word: ARDT

(a) Angle of attack a with slats/flaps fully retracted (FORTRAN name

F4ALP) in degrees is tabulated as a function of lift coefficient (C1) and Mach
number. Each card contains the angle of attack for one value of lift coefficient
and 10 values of Mach numbers. The lift coefficient ranges from 0 to 2.0 in
equal intervals of 0.1. The following 10 points of Mach numbers are used (0.2,

.5, 0.8, 0.9, 1.0, 1.1, 1.2, 1.5, 1.8 and 2.0).

210 values 21 cards FORMAT (10F8.7)
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(b)  Angle of attack a with slats/flaps fully extended (FORTRAN name

F5ALP) in degrees is tabulated as a function of lift coefficient and Mach number
for the same values of coefficient of lift and Mach numbers as under (a) above.
210 values 21 cards FORMAT (10F8&.7)

(c) Coefficient of drag Cpyywith slats/flaps fully retracted (FORTRAN

name F4CDR) is tabulated as a function of lift coefficient and Mach number for
the same values of coefficient of lift and Mach numbers as under (a) above.
210 values ' 21 cards FORMAT (10F8.7)

(d) Coefficient of drag Cpp with slats/flaps fully extended (FORTRAN
name F5CDR) is tabulated as a function of lift coefficient and Mach number in
the same arrangement as given under (a) above.

210 values 21 cards FORMAT (10F8.7)
Limits - Code Word: LMTS

(@ Maximum lift coefficient Cj, _  (FORTRAN name CLMAX) is tabulated

as a function of Mach number for 14 Mach numbers (0.2, 0.4, 0.6, 0.8, 0.9, 1.0,
1.1, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4).
14 values 1 card FORMAT (15F5.2)

(b) Minimum Mach number (FORTRAN name F4MM]I) is tabulated as a

function of altitude for 13 values (sea :evcl to 60,000 feet in increments of 5,000
feet)
13 values 1 card FORMAT (15F5.2)

(c) Maximum Mach number (FORTRAN name F4MMA) is tabulated as a

function of altitude for the same altitudes as in (b) above.
13 values 1 card FORMAT (15F5.2)

(d} Dive recovery angle (FORTRAN name RECANG) in degrees is tabulated

as a function of altitude and Mach number. There are ten cards for altitude

intervals of 5,000 fcet from sea level to 45,000 feet. (Dive recovery has no limit




above 45,000 feet.) Each card contains values for 12 Mach numbers (0.2, 0.5,
0.8, 0.9, 1.0, 1.1, 1.2, 1.5, 1.8, 2.0, 2.2, 2.4).
120 values 10 cards FORMAT (15F5.2)

Speed Brake Drag Coefficient - Code Word: SPBR

(@) The drag coefficient increment (FORTRAN name SBCDR) for fully

deflected speed brakes is tabulated as a function of the 14 Mach numbers (0.2,
0.4, 0.6, 0.8, 0.9, 1.0, 1.1, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2 and 2.4).
14 values 1 card FORMAT (15F5.2)
The final card of the input defining the aircraft is a control card for
printing of all the data read so far. If this card contains the code word PRNT in
the first four columns, atmospheric data and aircraft data will be printed. If the

first four columns contain anything else than the code word PRNT, printing of

these tables will be suppressed.

.
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INPUT DATA FOR ENGAGEMENTS

Card 1 is for title which can be up to 80 characters.

Card 2 contains the weight and weapons of the friendly. For F-4, weight is
42,000 lIbs. Code for gun is 20, for missiles not equal to 20.

Card 3 contains code word KOPT. If KOPT = 1, weights are taken from
the weight table with class and hostile as determined by the monitor. If KOPT =
2, class is as determined by the monitor but for trail maneuvers 1 through
NTRYT! hostile 1 is used; for the other trial maneuvers hostile 2 is usual.

Card 4 contains the friendly start position (Xg, YE, HF), velocity Vg and
direction (¥g, OF, ¢p).

Card 5 contains the friendly's tactical decision parameters (FSTRGF,
GLEVLE, TPOSF, DTPRE, TIMEPF, FNTILF). FSTRGF = 1 indicates straight
flight with belly down, = -1 for straight flight with belly up and = 0 for turn
into a maneuver plane. GLEVLE is the load factor ratio for initial turn, TPOSF
is the throttle position, DTPRF is the time between decisions, TIMEPF is the
prediction time increment and ENTILF is the tilt angle increment for maneuver
planes.

Card 6 contains the hostile 1 start position (Xy, Yy, HH), velocity Vi and
direction (Yy, OH, ®H).

Card 7 contains the time, TIMEH2, that hostile 2 is ahead of hostile 1 as
well as the weaponry for both hostiles, WEAPONH(1) and WEAPONH(2).

Card 8 contains the program control data, (TBEGN, TEND, DT, FKPR,
FKAPR, FKTAP). TBEGN is start time of simulation, TEND is stop time of

simulation, DT is integration time step, FKPR is number of time steps between

printouts, FKAPR is print control word and FKTAP is the tape interval (negative




for no tape). The print-control-value (PCV) in FKAPR and type of printout
controlled are: PCV = 1, print weight-table, = 2 print actual tactical
situation, = 4 print actual state space values, = 8 print table of trial maneuvers
with g's and normal accelerations, = 16 print table of trial maneuvers with total
value of maneuver, = 32 print table of individual values for trial maneuvers,

= 64 print relative geometry, = 128 print aircraft parameters, and, = 256 print
maneuver plane rotation angle. Multiple printouts are achieved by summing the
codes.

There are then 3 sets of 24 cards containing the weights for the criteria for
hostile 1, hostile 2 and the case where the midpoint between the hostiles used to
determine maneuvering planes. Each card contains nine values for the weights
for the different classes. (Class 9 and 10 always have the same weights.

Weights for Class 10 were not included. The program adjusts for this).

Appendix A contains a printout of a set of input data.




SAMPLE ENGAGEMENTS

In developing the one-versus-two AML offline program, many engagements
with various initial conditions, with two different types of friendly aircraft (F-4
and F-14) and for various durations were simulated.

During execution of the program, detailed printout of the status of the
combatants aircraft, of the relative geometry, of the tactical situation, of the
predicted outcomes of the different trial maneuvers and of the worth of the trial
maneuvers can be generated. (See description of print-option selector KAPR in
section "Input Data for Engagements"). Figure 9 shows an example of the
printout for the aircraft status. Figure 10 is an example of the printout of the
tactical situation. In addition, t'he program has an option to record selected
variables at specified intervals of time for subsequent processing by plotting
routines.

Two auxiliary plotting programs were written: one to plot a ground trace
(projection of the 3 trajectories onto the xe, Ye plane), the other to plot time
histories of the friendly's value-function.

Ground trace plots are shown for four engagements. For the first two of
these engagements, the corresponding time histories of the weighted value func-
tions are also given.

The first two examples have exactly the same initial conditions (as shown
in Figures 9 and 10); they differ only in the mode (value of KOPT) which is
~quivalent to changing the assigned weights to the 24 criteria.

In all four examples, the hostiles flight paths were segments of the canned
figure 8 trajectory, as described in the section "Hostile Flight Paths." Hostile 1

flies a level turn with a constant load factor of three g's at a constant velocity




of about 420 knots at an altitude of 20,000 feet. Hostile 2 flies a constant level
turn (with the same parameters as hostile 1) for 14 seconds and then continues
with straight and level flight. Engagement 1 (the conservative pilot) was
simulated for a duration of 30 seconds, ground traces of the trajectories are
illustrated in Figure 11. Time is marked by dots in one second intervals, and
symbols identifying the three trajectories are plotted every five seconds. When
selecting weights for the valuated state space, the "conservative" pilot
determines whether one of the opponents might become a serious threat in the
near future. If this is the case, he will select a set of weights such that more
importance is given to the threatening aircraft. This fact is nicely reflected in
Figure 12, which shows the time history of the weighted values for friendly's
valuated state space, brok« n down to values with respect to hostile 1 and hostile
2 separately. After about 10 seconds, the AML program succeeds in keeping the
values with respect to the two hostiles about the same.

This second example starts with the same initial conditions as the
engagement in example 1. The flight paths of the two hostiles are also the same
as in the first example. The only difference between example 1 and example 2 is
the weight selection in the decision process of the friendly. In example 2, he is
less concerned about the hostiles becoming a threat to him and more concerned
with achieving a kill against one of the hostiles. His weights, therefore, are
more evenly distributed between questions concerning hostile 1 and those
concerning hostile 2. By comparing Figure 12 and 14, this is demonstrated very
clearly, after 30 seconds, the aggressive friendly is in a much better position
against hostile 2 than the conservative friendly pilot. Throughout the
experimental runs it was observed that the single aircraft flew more

conservatively for those runs using the mode wherein the monitor selected that

aircraft to which the single aircraft was to direct its attention (weights for the
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other aircraft were set to zero). On the other hand, the single aircraft appeared
to fly more aggresively for those runs using the mode wherein the monitor did
not select that aircraft to which the single aircraft was to direct its attention;
that is, the trial maneuver selected was based upon the 12 criteria for both
hostile aircraft. This led to the use of the terms aggressive and conservative
pilot, simply meaning that the aggressive pilot would take greater risk to achieve
an advantageous position than would the conservative pilot. A comparison of the
two trajectories (Figure 11 and Figure 13) reveals that during the first ten
seconds, the engagements are very similar. Between ten and twenty seconds, the
aggressive pilot bears more to the west. The significant difference in
maneuvering occurs after 20 seconds. The conservative pilot tries to prevent
hostile 1 from "getting behind his tail," for hostile 2 at this point is of littie
interest. The conservative pilot, at time 22 seconds, initiates a right turn, thus
maintaining a neutral situation between him and both of his opponents, at time
30 seconds, he has the same weighted value against both opponents.

In contrast, the aggressive pilot, at time 23 seconds, initiates a hard left
turn, leaving him vulnerable against hostile 1 for four seconds, starting at time
21 seconds. At time 30 seconds, he has a decided advantage over the
conservative pilot, an almost neutral situation against hostile 1, strongly
offensive situation against hostile 2.

Several conclusions can be drawn from these first two examples. Most
important, it shows the flexibility and inherent power of the Adaptive
Maneuvering Logic: State a goal, adjust the weights accordingly and the aircraft
will fly along a flight path along which, locally, the weighted state space value is
maximized. It also shows the shortcoming and the danger of developing air-to-

air combat techniques in a noninteractive environment. While the argument that

in the computer program the friendly does not really know the opponent's flight




paths ahead of the present time is true, it is nevertheless disturbing to analyze
such engagements because it is often obvious that if a certain situation arises, an
obvious reaction would take place; for example, in Figure 13, hostile 1 at 23
seconds clearly would have performed a max-g right turn.

The weights used in these first two examples were extreme in that one
case paid maximum attention to the more threatening aircraft, the other one
paid equal attention to both. It would be possible to adjust the weights between
these two extremes continuously.

The last two examples illustrate the effect of different aircraft
capabilities. Initial conditions were similar to those of the two first
engagements except for a smaller initial range (14,000 feet horizontal separation
between hostile 1 and friendly, 5,000 feet vertical separation). Figure 15 shows
the ground trace of engagement 3, where the friendly aircraft was simulated to
be an F-4, whereas in Figure 16 the friendly aircraft was an F-14. The tactics
employed by the AML driving the two different aircraft were essentially the
same; however, the F-14, due to its better turning capability and higher thrust to
weight ratio, was able to perform a tight, climbing turn between 15 seconds and
30 seconds, which resulted in a significant positional advantage versus the F-4 at

the end of the engagement.
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SUMMARY

This report describes a computer program for the off-line simulation of
air-to-air combat wherein a friendly aircraft engages two hostile aircraft. The
method is based on the Adaptive Maneuvering Logic which is described elsewhere.

The approach selected was influenced by these concepts. (1) The best
defense is a good offense. (2) If the friendly is on the offensive against a hostile
and does not fly as aggressively as possible, the hostile may very well be the
victor regardless of what the second hostile does. In the approach the different
possible engagement configuration were divided into ten classes and within each
class criteria was set up to determine which hostile to engage. A Monitor sub-
routine was developed to determine the appropriate engagement class and hostile
to engage.

Twenty-four criteria were developed for scoring the trial maneuvers so as
to choose the most optimal one, the one with the highest score. (Rules for com-
puting the value of each criterion relative to the situation were developed). Each
class-hostile pair had a set of weights for the criteria with the score being the
sum of the products of the weight and the corresponding criteria value.

The hostile flight paths were fixed scenarios. Each hostile flew a figure 8
with constant speed and altitude and 3g turns. One hostile's path was TIMEH2
(input value) seconds ahead of the other and offset so as not to overlap.

In developing the one-versus-two offline program, many engagements with
various initial conditions, with two different types of friendly aircraft (F-4 and
F-14) and for various durations were simulated. Ground trace plots for four of

the engagements are scheduled in the report.




In general the maneuvers by the friendly appear to be reasonable ones,

. v although it is difficult to analyze the engagements since the hostiles are non-
P

i interactive. For example, the aggressive pilot in engagement two had a decided
o N .

4 advantage over the conservative pilot of engagement | at time 30 seconds. On

'.3 the other hand, at 23 seconds he was vulnerable to an offensive move by hostile 1
| in an interactive environment. The last two examples illustrate the result of

k i different aircraft capabilities. The higher performance F-14 had a definite posi-

b b e

tional advantage over the F-4 at the end of the engagement.




ENTILF
FKAPR
FKPR

FKTAP

FSTRGF

GLEVLE
h

hp

hH

KE
KOPT
LOSFH
LOSHF
NTRYT
NTRYTI
PE

SYMBOLS

LOS angle from friendly to hostile
Maximum angular turn rate

Integration time step

Time between decisions

Specific energy

Specific energy of friendly

Specific energy of hostile

Tilt angle increment for maneuver planes
Point control word

Number of time steps between printouts
Tape interval (negative for no tape)
Decision parameter, 1 for straight flight belly down
-1 for straight flight belly up, 0 for turn into a
maneuver plane

Load factor ratio for initial turn

Altitude of aircraft

Altitude of friendly aircraft

Altitude of hostile aircraft

Kinetic energy

Input variable for scoring mode

LOS angle from friendly to hostile

LOS angle from hostile to friendly

Total number of trial maneuvers

Number of total maneuvers referenced to hostile 1

Potential energy




RFH

RMAX
RMAXH
RMIN
RMINH

ts
TBEGN
TEND
TIMEH2

TPOSF

XFs YFs ZF
XH, YHs 7H
)EH9 .YH’ iH
Ah

AEs

AZ

¥ 6, ¢

t

Range from friendly to hostile
Range rate from friendly to hostile
Range from friendly to hostile

Maximum range of friendly weapon along LOS from
hostile

Maximum range of hostile weapon along LOS from
friendly

Minimum range of friendly weapon along LOS from
hostile

Minimum range of hostile weapon along LOS from
friendly

Time to fire

Start time for simulation

End time for simulation

Lead time of hostile 2 on figure 8 path
Throttle position

Corner velocity, i.e., velocity which allows tightest
turn

Magnitude of friendly velocity
Magnitude of hostile velocity
Weight of aircraft

XYZ coordinates of friendly in ground coordinate
axes

XYZ coordinates of hostile in ground coordinate
axes

XYZ velocity components of hostile in ground
coordinate axis

hr - hy
EAF- E\H
hp - hy

Euler angles for aircraft
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Maximum
Weapon
Range

Minimum
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e

? Class 1 - Both hostiles in area I

’ Class 2 - Both hostiles in area II

: Class 3 - Both hostiles in area III
Class 4 - One hostile in area I, cther in area 11
Class 5 - One hostile in area II, other in zrea III
Class 6 - One hostile in area I, other in area III

CLASSES 1 10 6
FIGURE 1




A Velocity Vector

of Hostile
Q3
Hi LOS Vector
f to Friendly
3 § max
;;
k- Q, Q, 1 N.M1
i WEAPON RANGE LIMITS
3 FOR FRIENDLY
3 FIGURE 2
For missiles = (shown above)
Ql = 10. N.M P1 = 2. .M
02 = 5. P2 = 1.
Q3 = 3. P3 = 5.
For guns = (nct shown)
. Q1 = 02 = Q3 = .5 N.M P1 = P2 = P3 =0
The weapon range limits (Rmax . Rmin) are computed from:
If € < 90°:
Rmax = Ql - (Q1 - 02) sTn € , N.M
Rmin = P1 - (P1 - P2) sin ¢
If ¢ > 90°:
Roax = Q, + (02 - 03) COS ¢ ‘
4 Ruin = Po + (Py - P3) Cos ¢

ek aen s = e
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X-axis of Friendly

OTHER HOSTILE IS NOT
IN CONE BEHIND
FRIENDLY AND CAN BE
HEADED IN ANY
DIRECTION

120° 120°

Y-axis of Friendly
s

Friendly
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\___//
HOSTILE IN CONE IS AT
A RANGE THAT IS LESS THAN
MAXIMUM WEAPON RANGE, AND

IS HEADED AWAY FROM
FRIENDLY

MAXIMUM WEAPON
RANGE FOR HOSTILE
IN CONE AGAINST

OR FRIENDLY

HOSTILE IN CONE IS AT A

RANGE THAT IS GREATER THAN
MAXIMUM WEAPON RANGE AND

CAN BE HEADED IN ANY DIRECTION
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One hostile is in a 60° cone behind the friendly and
cannot fire its weapon and the other hostile is not in

the cone. (The hostile outside the cone is selected
for engagement.)

FIGURE 4: CLASS 7




Y X-axis of Friendly

120° |
AN

N

OTHER HOSTILE IS NOT
IN CONE BEHIND FRIENDLY
AND HEADED ANY DIRECTION

HOSTILE INSIDE CONE IS INSIDE
MAXIMUM WEAPON RANGE OF HOSTILE
AND HEADED TOWARD THE FRIENLDY

%Maximum Weapon Range
of Hostile Inside Cone

One hostile is in a 60° cone behind the friendly and
can fire its weapon at the friendly, and the other
hostile is outside the cone. (The hostile i nside the
cone is selected for engagement.)

CLASS 8

FIGURE 5




X-axis of Friendly

T 120° . 120°

i%j 937//¢N\\§0 ‘ Y—a*is of Friendly
I 777 BuSREE

AREA WHERE ONE 0 | AREA WHERE ONE OR
BOTH HOSTILES | T BOTH HOSTILES MAY BE

MAY BE LOCATED
LOCATED |

Friendly

& A |

- Both hostiles are between 90° AND 120° of the friendly
X-axis and can be headed in any direction. (A point
between the hostiles is selected for engagement.)

CLASS 9
FIGURE 6
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X-axis of Friendly

i 12097 120°

i; | A ST?V/,\\\§0° Y-axis of Friendly
.. T AR PR

- AREA WHERE HOSTILE
= AREA WHERE HOSTILE | Friendl BEHIND FRIENDLY MAY
e BEHIND FRIETDLr y BE LOCATED

‘ MAY BE

LOCATED l

- !

One hostile is forward of friendly and the other
is between 90° and 120° behind the friendly.
(The hostile forward of the friendly is selected
for engagement.)

CLASS 10
FIGURE 7
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FRIENDLY AND HOSTILE AIRCRAFT PARAMETERS

Time = 0.00 seconds

FRND HOSTI HOST2 UNITS
' Mach No. .76 .68 .68 -
i True Air Speed 800.0 707.1 707.1 ft/sec ;
% True Air S;ced 474.0 419.0 419.0 knots :
] Ind. Air Spced 376.1 - - knots
- Ang. of Attack 2.8 0.0 , 0.0 deg
Load Factor 1.0 - - g's
s THETA (Pitch) 2.8 0.0 0.0 deg
‘o PHI (Roll) 0.0 0.0 0.0 deg
'f i PSI (Yaw) 45.0 45.0 162.4 deg
E: X Position -15000. 7000. 4904. ft ‘
Y Position 7000. 7000. 15594. ft ‘
Altitude 15000. 20000, 20000. ft
X rate 566. 500. -674. ft/sec
Y Rate 566. 500. 214, ft/sec J
Alt. Rate (+ = Up) 0. 0. 0. ft/sec 1
M P (Body Roll Rate) .0 - - deg/sec
, Q (Body Pitch Rate) 44.9 - - deg/sec
R (Body Yaw RAte) -.0 - - deg/sec
Throttle Pos. 2. - - -
Thrust 25095. - - Ibs
Drag 5985. - - ibs
Spec. Energy/100 24.9 27.8 27.8 ft
Spec. EnergyRate 364.0 - - ft/sec

Max. Load Factor 5.7 - - g's 1

INITIAL CONDITIONS FOR THE i
' FIRST TWO SAMPLE ENGAGEMENTS {

FIGURE 9
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TACTICAL SITUATION AT TIME = 0.0000

1 CLASS = 1 1HOST + 2

Range
Range Rate

LOS Angle (LOS)
LOS in Body XY Plane
LOS in Body Z Plane

LOS in Earth XY Plane
LOS in Earth Z Plane

LOS Rate

F TO HI FTOH2 HITOF H2TOF UNITS
22561.0 22249.3 - - ft
-64.1 -1245.0 - - ft/sec
45.6 23.7  133.6 42.6  deg
-44.6 -21.4 135.0 40.9 deg
10.8 10.4 -12.8 -13.0 deg
-45.0 -21.6 45.0 -84.2 deg
12.8 13.0 -167.2 -167.0 deg
.2 -.0 -.2 .6 deg/sec

RELATIVE GEOMETRY AT ENGAGEMENT INITIATION
FOR THE FIRST TWO SAMPLE ENGAGEMENTS

FIGURE 10
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GROUND TRACE OF EXAMPLE 3
(FRIENDLY A/C = F-4)

FIGURE 15
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GROUND TRACE OF EXAMPLE 4
(FRIENDLY AIRCRAFT = F-14)

FIGURE 16




o APPENDIX A

PRINTOUT OF INPUT DATA
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